The role of asymmetric excitation in self-organized nanostructure formation upon femtosecond laser ablation AIP Conf. Proc. 1464, 428 (2012) . In addition, the percentage of transformed to non-transformed region normalized to the pattern period follows similar fluence dependence regardless the period and thus becomes an excellent control parameter. This dependence is fitted within a thermal model that allows for predicting the in-depth profile of the pattern. The model assumes that transformation occurs whenever the laser-induced temperature increase reaches the melting temperature of nanoPS that has been found to be 0.7 of that of crystalline silicon for a porosity of around 79%. The role of thermal gradients across the pattern is discussed in the light of the experimental results and the calculated temperature profiles, and shows that the contribution of lateral thermal flow to melting is not significant for pattern periods !6.3 lm.
INTRODUCTION
Nanostructured porous silicon (nanoPS) has been demonstrated as an excellent candidate for the development of several applications in a broad range of fields including biomedicine, such as drug delivery, tissue engineering, 1,2 protein immobilization and detection, 3, 4 virus 5, 6 and pesticide 7 detection, or basic cell studies. [8] [9] [10] [11] The standard method for the fabrication of nanoPS allows tailoring its pore size from the micro-to the nanoscale, as well as its optical properties. Moreover, the optical behavior of nanoPS-based structures (1D, 2D, or 3D) is very sensitive to infiltration 12, 13 or adsorption 6 of bio-species into the porous material. Furthermore, surface micro-and nano-patterning is becoming an important means for enhancing the performance of materials such as creating superhydrophobic surfaces with hierarchical meshporous structures, 14 reprogramming the cell shape, 15 or enlarging cell culture harvest. 16 For the particular case of nanoPS, patterns have been used to promote cell binding or growth [9] [10] [11] 17, 18 or to produce label-free biosensors, 3, 19 the detection mechanism being based on changes either in the photoluminescence spectra or in the diffraction pattern.
Generally, there are two main approaches for fabricating patterns on nanoPS. While the first one consists of microstructuring the crystalline silicon (c-Si) substrate with the desired pattern followed by porosification, 17 the second and most widely applied method consists of creating the pattern directly on the nanoPS layer by using a diversity of tools such as dry soft lithography, 20 stamp pressing, 19 or laser writing. 10, 21 However, none of these methods have the capability to offer flexibility in the pattern design in a timeefficient process, in large areas and in a single-step process. A more versatile approach that has the potential for meeting these requirements is laser interferometry. It was applied in the 1990s to produce periodic structures in nanoPS 22 or to take advantage of the photosensitivity of the etching process to produce porous silicon lateral superlattices. 23 More recently, we have applied it to produce platforms for selective cell culturing. 11 While the earlier works used two visible laser beams and were focused to morphological aspects rather than to structural properties of the patterns or understanding the underlying mechanism, the recent work used a UV beam in combination with a phase mask and focused on demonstrating that cell selectivity could be achieved through the pattern period. The aim of this paper is to extend this recent work in order to understand the mechanisms controlling pattern formation and eventually determine the possibility of tailoring the aspect ratio of the patterns through the laser fluence.
EXPERIMENTAL
The nanoPS layers were fabricated by electrochemical etching of boron-doped (p-type) silicon wafers (resistivity: 0.01-0.05 X cm, orientation: h100i). 24 The composition of the solution was 1:2 hydrofluoric (HF) (48 wt. %): ethanol (98 wt. %). The wafers were galvanostatically etched under a)
Author to whom correspondence should be addressed. Electronic mail: fvega@oo.upc.edu. b) illumination from a 100 W halogen lamp. The etching density current was typically 80 mA cm À2 and different etching times were used to grow layers of different thickness. The thickness and porosity of the layers have been determined by measuring at both p and s polarizations, the spectral reflectance in the 300 nm to 800 nm range using a spectroscopic ellipsometer (WVase) at three incidence angles (65  , 70  , and  75 ) and fitting the experimental data using an optical model formed by layers of nanoPS on top of the c-Si substrate. For each layer, an effective medium model which assumes the nanoPS material is a mixture of Si and air (% porosity) was used. Aiming at achieving the best possible agreement between the simulated and experimental data, a three layer model was used, consisting in a thin and low porosity bottom layer on top of the c-Si substrate, a thin and intermediate porosity layer, and a thick and high porosity (74%-81%) top layer. Table I summarizes the thickness and porosity of the layers of the different samples studied in the present work.
In order to fabricate the 1D patterns, single pulses of an excimer laser beam (k ¼ 193 nm, s ¼ 20 ns) were used to expose a fringed phase mask optimized for high efficiency in the 61 diffraction orders, which were forced to overlap and interfere at the nanoPS surface as described in detail elsewhere. 11 The nanoPS surface thus becomes exposed to a modulated intensity formed by the maxima and minima of interference. The period of the modulation can easily be modified by using different combinations of projection lenses. In this work, patterns with periods D of 16 lm, 8.0 lm, and 6.3 lm were studied. While the fluence at the sample site is approximately constant along the fringes (y axis), it is modulated along the direction perpendicular to the fringes (x axis) according to the following expression:
where F is the average fluence experimentally measured at the sample site that will be referred to from now on as fluence. This means that the actual fluence across the pattern is modulated between 0 and 2F. Since an aperture is used to select the central and almost homogeneous part of the laser beam, the smaller the period the broader fluence range achievable. The structural properties of both as-grown and laser processed areas were characterized by field emission scanning electron microscopy (SEM) in planar (PV) and cross-section (CS) views, the latter taken from cleaved samples. Figure 1 shows PV (left) and CS (right) SEM images of the nanoPS as-produced samples studied in this work. In PV images, the surfaces of the nanoPS with an average size pore of 40 nm are shown. CS images show the longitudinal structure of these pores, and it is worth emphasizing that regardless the nanoPS layer thickness, the c-Si/nanoPS interface has a distinct morphology in comparison to the rest of the nanoPS layer, i.e., it is formed by a mixture of Si and nanoPS.
RESULTS
The thickness of layer 1 (see Table I ) used in the optical simulations is consistent with the thickness of the cSi/nanoPS interface as measured in the SEM images. In addition, the total thickness of the layers as calculated from the optical simulations (see Table I ) agrees (within <15%) with the thickness measured from the CS SEM images Figure 2 shows both PV and CS images of a 6.3 lm period pattern recorded in the 372 nm thick sample with a fluence of 44 mJ cm
À2
. In the PV image (Figure 2(a) ), the 1D pattern is formed by alternate dark and bright areas. The magnified view from Figure 2 (b) exhibits the same features than as-grown areas (shown in Figure 1(b) ) and evidences that it corresponds to an almost untransformed region, exposed to the laser intensity minima. The magnified view of Figure 2 (c), corresponding to the regions exposed to the laser intensity maxima, shows instead a significant transformation with the appearance of several round-like features having diameters of tens of nm that will be referred to from now on as nanoparticles (NPs). These NPs are on top of a remaining nanoPS layer that is seen in the regions among the NPs.
The low magnification CS image in Figure 2 (d) was taken with the sample slightly tilted with respect to the electron beam in order to also visualize the surface. It evidences that the pattern has a topography formed by hills and trenches. Figure 2 (e) is made by stitching three consecutive CS-SEM images and shows a magnified view of one of the hills and a portion of the nearby trench. The comparison between the observed features of the hill (structure and thickness) and those of the as-grown sample (Figure 1(b) ) evidences that they are almost identical, i.e., the nanoPS layer shows no significant changes in these regions and thus the hills must correspond to the regions exposed to the laser intensity minima similarly to what was deduced from the PV images.
When moving from the hills to the center of the trenches there is a gradual decrease of the nanoPS layer thickness that is accompanied by the formation of the NPs. At the trenches (Figure 2 (e)), it is seen that the NPs accumulate but a remnant very shallow nanoPS layer can still be recognized in the CS image. This agrees with the fact that the structure of the nanoPS was observed among the NPs in the PV-SEM image (Figure 2 This is in contrast to what was shown in Figure 2 (e) for the pattern in the 372 nm thick sample, in which almost the whole nanoPS layer was converted into NPs at the trenches. TABLE I. Thickness of the 3 nanoPS samples studied in this work as determined from the fit of reflectivity measurements together with the thickness (in nm) and porosity p (in %) of the 3 layers used in the fit where layer 1 is at the interface with c-Si and layer 3 is the surface layer. In order to get further insight on the properties of the NPs, we have immersed this patterned sample in HF solution to dissolve any SiO 2 and observed it again in the SEM. The result is shown in Figure 3 (b) where the NPs remain unaffected suggesting that the NPs are formed by silicon and consequently any significant formation of SiO 2 in the transformed regions can be discarded. Thus, we will refer from now on to these nanoparticles as Si NPs. The patterns produced in the 290 nm thick nanoPS layer with a period of 6.3 lm as a function of fluence are shown in Figure 4 . Low magnification images of an area exposed to maximum intensity surrounded by areas exposed to minimum intensity and high magnification images of the center of the former areas (i.e., transformed regions) are, respectively, shown on the left and right sides of Figure 4 .
From the images on the left, it is seen that the width of the transformed area increases as fluence increases, up to a certain value above which it remains practically constant. From the right side images, it is instead observed that the morphology of the transformed areas are very similar regardless the fluence, i.e., they are covered by Si NPs among which the structure of the nanoPS layer can be seen.
The percentage of transformed to non-transformed region normalized to the pattern period D and determined from images such as those presented in Figure 4 , is shown in Figure 5 (a) as a function of fluence. A transformation is already observed at low laser fluence (11 mJ cm
) and the fraction of transformed to non-transformed region increases first sharply but tends to smoothly saturate for high fluences up to a saturation level of the order of %0.9D. Results achieved for patterns having different periods in a similar sample are also included. It is seen that regardless the period, the behavior is similar and the saturation is reached for a fluence around 40-50 mJ cm
. The diameters of the Si NPs produced in the regions exposed to the intensity maxima as well as their number density have been determined by using the ImageJ software to analyze 1.2 Â 2.0 lm 2 stripes. The results are shown in Figure 5 (b) where it is seen that the Si NPs diameter increases with fluence and also reaches saturation for a fluence %40 mJ cm
. Figure 5 (b) also shows that this increase is mirrored by the number density of these NPs that decreases as fluence increases. Figure 6 presents CS images of two patterns whose PV images were shown in Fig. 4 . Similarly to what was shown in Figure 2 (d) for a thicker sample, the untransformed regions correspond to the hills of the topographic profile induced by the laser and have the same thickness than the original nanoPS layer (see Figure 1(c) ). Once more, when moving from hills to trenches there is a gradual decrease of the columnar nanoPS layer thickness accompanied by the formation of Si NPs on top of the remnant underneath nanoPS layer. Increasing fluence leads to a reduction of the width of the hills and, consequently, an increase of the width of the transformed regions. The percentage of transformed to non-transformed region, deduced from these CS images, is also plotted in Figure 5(a) and the values are consistent with the results previously deduced from the PV images.
DISCUSSION
The results plotted in Figure 4 show that alternating transformed and untransformed regions are already produced for a laser fluence of 11 mJ cm À2 and Si NPs are always formed at the transformed areas. The next lower F studied was 5.5 mJ cm
À2
, which leads to inhomogeneous dark fringes (not shown) with no evidence for NPs formation. Therefore, the transformation threshold will be associated to threshold for NPs formation and must thus be related to laser induced melting. Moreover, the melting fluence F m of the nanoPS layer has to be between 5.5 mJ cm À2 and 11 mJ cm
and more likely closer to the lower value. The surface of the nanoPS is exposed to the sinusoidal fluence distribution described by Eq. (1) that eventually leads to alternate regions where the laser fluence is, respectively, above and below F m . Since the width of the transformed areas should approximately be the extension at which the local fluence is above F m , we have fitted the experimentally measured transformed width in Figure 5 (a) as a function of F with Eq. (1). A good fit (within 10%) was achieved and the intersection with the fluence axis provided a value F m ¼ 6.5 mJ cm À2 that is very consistent with the experimental predictions of F m being between 5.5 mJ cm À2 and 11 mJ cm
. In addition, this value corresponds to an exposure of 2F m ¼ 13 mJ cm À2 at the maxima intensity sites. Upon homogeneous beam irradiation at k ¼ 308 nm, a value of 15 6 2 mJ cm À2 was reported for p ¼ 75%. 25 Taking into account on the one hand that the absorption coefficient at 193 nm is higher than at 308 nm, and on the other hand, that F m decreases as porosity p increases and p is slightly higher in our case (79%), a lower melting threshold can be expected. Therefore, the F m value determined in this work upon modulated beam exposure agrees with that reported earlier under homogenous beam exposure, 25 i.e., under conditions for which lateral heat flow (as opposed to in-depth flow) is practically absent. We can therefore conclude that in our case, lateral heat flow from the maxima towards the minima must be also very small, if any, and hence the similar melting threshold found.
In order to get a deeper insight in the melting process, the temperature evolution T(x,z,t) was calculated by solving the heat flow equation for a laser heat source
where q is the density and j is the thermal conductivity, both parameters depending on the porosity p of the material. The thermal conductivity j of nanoPS as a function of temperature has been obtained from a kinetic model based on the reduction of the effective phonon mean free path where j depends not only on p but also on the center-to-center pore distance. 27 Since according to the reflectivity measurements, the nanoPS layer behaves as a 3-layer system having increased porosity from c-Si up to the surface (see Table I ), in Table II the thermal parameters used in the simulations for these three layers as well as for the bulk c-Si underneath have been summarised.
The specific heat capacity C p results to be almost independent of porosity and similar to that of c-Si when applying the equation reported elsewhere for porous silicon. 28 Therefore, the C p values reported for c-Si as a function of temperature have been used. To solve Eq. (2), we performed a finite element 3D simulation using the commercial software COMSOL Multiphysics 30 for the 290 nm thick sample whose PV and CS images are, respectively, shown in Figures 4 and 6 . The heat source corresponds to the fraction of the power density of the laser that is absorbed by the material and is given by 26 Qðx; z; tÞ ¼ Iðx; tÞð1 À RÞaexpðÀazÞ;
where in our case, I (x, t) is the modulated power density at the surface, R is the reflectivity of the sample at the k 5 193 nm laser wavelength, and 1/a is the optical penetration depth where a is the linear absorption coefficient defined as a ¼ 4pk/k, and k is the imaginary part of the refractive index. While R ¼ 0.01 was the value experimentally determined for a close wavelength (200 nm), k ¼ 0.39 was calculated through an effective medium modelling using the optical constants of c-Si and the porosity of the surface layer. This layer is the only one playing a role in the absorption of the laser intensity since the optical penetration depth (39 nm) results much smaller than the thickness of this layer. Finally, I (x, t) is determined by both, the spatial and temporal profile of the laser pulse. While the former is described by F(x) (Eq. (1)), the latter has to take into account the fact that the excimer laser pulse can be described as the superposition of 3 Gaussian distributions, 31 with center l i , relative intensity a i and standard deviation r i , leading to
First, the temperature achieved upon irradiation at the calculated F m ¼ 6.5 mJ cm À2 value was calculated. It leads to a temperature of 1198 K at the surface of the sample irradiated with the laser intensity maxima. This temperature is thus considered as the melting temperature T m of our nanoPS material that is significantly smaller than that of c-Si (1685 K) 32 consistently with what was earlier reported for nanoPS. 25, 33 In solving Eq. (2), we have considered the material parameters of liquid Si (also included in Table II) for temperatures higher than T m . As fluence is increased, the simulations lead to broader regions centered at the intensity maxima sites in which T m is reached at the surface. The calculated width of these regions normalized to the period D is also plotted in Figure 5 (a) as a function of fluence where they follow the same trend than the experimental values. Moreover, the calculations also show a tendency to saturate to a value %0.8D that is lower than the experimental one. The existence of a saturation in both experimental and calculated values means that there is always a non-transformed region (around the intensity minima sites) for the studied range of periods. Since the laser fluence at the minima of interference is zero, the only way this region could be heated would be through lateral heat flow from hotter adjacent regions. However, the calculations show that for the highest fluence, (80 mJ cm
) the temperature of the regions around the intensity minima are at the most 0.4 T m . Furthermore, this temperature represents an upper limit since real values are expected to be smaller because the thermal conductivity of nanoPS in the direction perpendicular to the pores have been reported to be smaller than along the pores. 34 It is worth to point out here that the described scenario is valid for the range of periods studied in this work (!6.3 lm) and might change if the period is significantly reduced.
The in-depth T m isotherm calculated for a period of 6.3 lm and 28 mJ cm À2 once the maximum depth and width are achieved, is overlapped to the experimental CS image in Figure 6 (c). It is seen that the calculated thermal profile matches well the experimental shape and depth of the trench and supports further that melting is nucleated around the sites exposed to the maxima of interference and propagates in-depth. We have defined the melting depth as the maximum depth of these T m isotherms and the results as a function of fluence are plotted in Figure 5 (c). It can be observed that the trend of this depth is very similar to that of the relative transformation width deduced from PV images and plot in Figure 5(a) , i.e., it increases first sharply and tends to saturate for high fluences. Furthermore, melting has affected the whole upper layer of high porosity of the sample for fluences around 60 mJ cm
. The experimental depth of transformation is obtained from the CS-SEM images in Figure 6 as the height difference between trenches and hills and the results are also included in Figure 5 (c). The good agreement between the calculated melting depths and experimental transformation depths confirms further that transformation of nanoPS into Si NPs is a consequence of in-depth melting.
Additionally, our results show that even for the higher fluences for which the original nanoPS layer would be expected to have completely molten and converted into Si NPs, the porous features of the as-grown layer are always recognized among the NPs (Figure 4) . In other words, a remnant nanoPS layer must remain at the c-Si interface ( Figures  2(e) and 4) . The difficulty to melt completely and transform this interface was also suggested earlier 33 and is most likely related to the high efficiency of the c-Si as a heat sink since its thermal conductivity is one or two order of magnitude higher than that of nanoPS. Therefore, the closer the melt front to the nanoPS/c-Si interface, the higher the thermal gradient as the heat is efficiently drained out through the interface to the c-Si substrate. This efficient heat sink together with the higher melting temperature of the nanoPS region close to the c-Si interface due to its lower porosity contribute to prevent reaching the melting temperature. This reasoning is consistent with the saturation observed in Figures 4, 5(a) , and 5(c) for the width and depth of the trenches as fluence is increased.
The formation of Si NPs has earlier been reported under homogeneous beam irradiation and similarly related to melting. 25, 33 In our case, the NPs are either on top of a large remnant columnar structure of nanoPS and thus far from the c-Si substrate for the thickest layer studied (Figure 3 ), or they are on top of a shallow remnant nanoPS layer that is close to the interface with the c-Si substrate (for the higher fluences and the lower layer thicknesses studied). The fact that NPs rather than a continuous layer are formed upon melting is most likely related to the rough and discontinuous character of the nanoPS surface that induces heterogeneously nucleated melting at discrete points of the surface as suggested elsewhere. 25 This leads to the formation of small "islands" of molten material that evolve to NPs promoted by the higher surface energy of molten Si than that of the remnant nanoPS. Figure  5(b) shows that the diameter of the NPs increases in the range of 50-73 nm as fluence is increased. This increase is consistent with the increase of thickness of the molten nanoPS layer as fluence increases. However, Fig. 5(b) also shows that the number density of NPs decreases as their diameter increases thus suggesting that the diameter increase is related to both the increase of the transformation depth and to aggregation of nearby NPs.
Finally, the results presented here show that for a given layer thickness and pattern period, the width and depth of the fringes of the patterns as well as the dimensions of the Si NPs formed at the trenches at the expense of the nanoPS layer can be controlled by the fluence. The possibility of tuning the topography as well as the physical and chemical properties of the surface through the conversion of nanoPS into Si NPs is essential for cell culturing since it was shown that cells bound and align to the patterns whenever the width of the trenches were large enough to accommodate the cells. 11 It was suggested that the laser induced trenches act as microfluidic wells for the cells during their colonization of the surface. Moreover, the fact that the cells bound preferentially to the trenches most likely indicated that the physical and chemical properties at these sites improve the wetability and adhesive properties for cells. 35 
CONCLUSIONS
Single pulse UV laser interference has been demonstrated as a flexible tool to fabricate 1D topographic patterns in nanoPS with several periods and having a wide range of aspect ratios. These patterns are formed by regions of hills and trenches, each related to almost untransformed regions having similar thickness and structure than the nanoPS original layer and regions where the nanoPS structure has melted and converted into Si NPs. Within the range of pattern periods and fluences studied, these features are found to be almost independent of period for periods !6.3 lm. The aspect ratio of the patterns as well as the diameter of the Si NPs produced at the trenches can easily be tailored through the laser fluence.
The melting threshold of nanoPS upon modulated beam exposure has been experimentally determined, and the value agrees with that reported earlier upon melting using a homogeneous beam exposure. The calculations made with a standard thermal model reproduce the fluence dependence of the relative width and depth of trenches as well as their shape and allow concluding that transformation occurs in regions that reach melting temperature. A melting temperature 0.7 times smaller than that of c-Si was determined and this value is consistent with what has earlier been reported for nanoPS layers of similar porosity. The saturation observed in both the experimental and calculated relative width and depth of the transformed regions as fluence increases is consistent with the higher melting threshold of the nanoPS layer in the neighborhood of the interface with c-Si together with the much higher thermal conductivity of the latter. All together, the results allow also concluding that thermal gradients across the pattern promote no significant lateral temperature increase and the achieved temperature in the regions irradiated with the minima of intensity is far from the melting temperature in the studied range of fluences and layer thicknesses.
